Section: Technology and imaging
Introduction
A plethora of imaging modalities has been used in plastic and reconstructive surgery to aid preoperative planning, intraoperative guidance and medical education. 1, 2 Conventional tomographic imaging modalities such as computed tomography angiography (CTA) and magnetic resonance angiography (MRA) remain relatively affordable and commonly accessible. [3] [4] [5] [6] [7] [8] As a result, clinicians have investigated novel technologies to expand their use such as image-guided navigation systems, augmented reality (AR), virtual reality (VR), holograms and machine learning (ML).
In the second of a two-part series, we evaluate emerging 3D imaging and printing techniques based on CTA and MRI.
Method
We reviewed the published English literature from 1950 to 2017 from well-established databases such as PubMed, MEDLINE ® , Web of Science and EMBASE.
We included all studies that analyse 3D imaging and printing techniques used in surgery, especially plastic and reconstructive surgery. We used search terms such as '3D imaging', 'CTA', 'MRA', '3D image software', 'simulation surgery', 'stereotactic navigation-assisted surgery', 'augmented reality', 'virtual reality', 'hologram', 'automation', 'machine learning', 'artificial intelligence', 'preoperative planning', 'intraoperative guidance', 'education', 'training' and 'customised implant'. We also retrieved secondary references found through bibliographical linkages.
Through our literature review, we qualitatively analysed hardware and software programs used for image-guided navigation-assisted surgery, AR, VR, holograms and ML, evaluating their cost (affordability arbitrarily being defined as costing less than AU$500) and up-to-date clinical applications. Papers were assessed using Oxford
Centre for Evidence-Based Medicine levels of evidence.
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Results and discussion
Recent technological advances have led to the use of image-guided navigation systems, AR, VR, holograms and ML in surgical planning.
Image-guided navigation systems
An image-guided navigation system tracks surgical instruments in real time and matches their location to the preoperative CTA and MRI for viewing them intraoperatively.
10,11
The earliest system used external stereotactic frames fixed to the skull or other bony landmarks. 12 Modern frameless navigation systems using fiducial markers, 13 surface landmarks 14 and surface-matching laser registration 15 are faster, safer and more convenient. 16 As a result, stereotactic navigation is used routinely in neurosurgery, 17 Overall, navigation systems are seldom used in softtissue surgery due to lack of reliable bony landmarks and have been superseded by augmented and virtual reality platforms (see Table 1 ).
Chae, Hunter-Smith, Rozen: Imaging and printing in plastic and reconstructive surgery part 2: emerging techniques [23] [24] [25] Ting et al, 26 Durden et al, 27 and Chao et al . 43 Hummelink et al, 44 Hummelink et al, 45 Sotsuka et al, 46 Jiang, 47 Gan et al, 48 Peregrin.
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Augmented reality, virtual reality and holograms
In comparison with two-dimensional (2D) imaging enhancing visualisation in laparoscopic surgery 39 and sentinel lymph node biopsy in head and neck cancer 40 and breast cancer surgery. 41 In plastic and reconstructive surgery, AR appears to be most useful for preoperative planning, intraoperative image navigation and surgical training (see Table   2 and Figure 1 ).
Hummelink et al described a projection-based direct AR technique using an affordable handheld projector and proprietary software suites in three case series. [43] [44] [45] In the first series, they [78] [79] [80] Glass was taken off the market due to persistent software bugs and privacy concerns. 55 Recently, researchers in Australia have developed a high-resolution, immersive 3D AR and VR environment using integrated supercomputers and multiple projectors with a cylindrical matrix of stereoscopic panels. 56 This bespoke CAVE2TM (Monash University, Clayton, Victoria, Australia) consists of 80 high-resolution, stereocapable displays producing an 8-metre diameter, 320-degree panoramic view (see Figure 2) . Medical images can be processed relatively easily by a dedicated laboratory technician and the clinician can view them realistically in a 3D manner as if they are 'walking through' the anatomy. Currently, the set-up is too large to be portable and it is also expensive, but as lithium-ion batteries improve and technology becomes more mobile, the potential of such technology being transferred to a portable head-mounted display appears enticing. 
Fig 1. Projection of ALT perforators preoperatively using CTA-based direct augmented reality performed using OsiriX software (Pixmeo) and Philips PicoPix pocket projector (Koninklijke Philips NV, Amsterdam, The Netherlands). The purple line delineates traditional anatomical landmarks. The mark on the line correlated exactly with the location of the ALT perforator. ALT: anterolateral thigh perforator CTA: computed tomographic angiography
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Fig 2. Evolution of 3D imaging and printing techniques from 3D-reconstructed images and a basic 3D-printed model (A1-4) to clinically useful 3D printing applications in perforator-based breast reconstructive surgery (B1-6) and advanced image analysis technology such as augmented reality and CAVE2 TM facility (C1-6). (A1) 2D-reconstructed CTA image of the abdominal wall vasculature. (A2) 3D-reconstructed CTA image of the same patient in A1. (A3) Segmented image of the DIEA of the same patient in A1. (A4) 3D-printed model of the DIEA in A3. (B1) Segmented image of the abdominal wall and DIEA that spurned the idea of creating a template for preoperative planning. (B2) A patient-specific bespoke 'DIEP template' is 3D printed and placed on the patient's abdominal wall to help locate the DIEA perforator and its pedicle. (B3) This information is used for flap design. As 3D printing techniques advanced, we were able to create both a standard DIEP template (B4) and a 'perforasome template' (B5), which can additionally identify each perforasome (B6). (C1-6) Augmented reality can significantly reduce the time and labour cost involved in 3D printing by enabling direct viewing and real-time interaction with the image data. (C1) Our published direct ARC (augmented reality CTA) technique set-up using a hand-held projector demonstrating 2D-reconstructed (C2) and 3D-reconstructed (C3) images on the patient's abdomen. As technology advances, we envision that greater software processing power will enable display of greater anatomical information, such as the intramuscular course of a DIEP (C4) and translation into a user-friendly, interactive platform for clinicians (C5
Conclusion
Most studies of image-guided navigation systems, AR, VR, holograms and ML have been presented in small case series and they remain to be analysed using outcomes-based validation studies. Imageguided navigation systems are used less frequently in soft tissue surgery, in comparison with orthopaedic and neurosurgery, due to unreliable landmarks being available for image registration.
Augmented reality platforms such as CAVE2 TM which leads to intuitive real-time 3D visualisation of anatomical structures, appear promising.
Machine learning is a rapidly emerging, disruptive technology that may become highly useful as a diagnostic and predictive tool. Together, they illustrate an exciting future where clinicians will be armed with numerous intuitive technologies for surgical planning and guidance.
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